Fatty acid-binding proteins (FABPs) are cytosolic fatty acid chaperones that play a critical role in systemic regulation of lipid and glucose metabolism. In animals lacking the adipocyte/macrophage FABP isoforms aP2 and mal1, there is strong protection against diet-induced obesity, insulin resistance, type 2 diabetes, fatty liver disease, and hypercholesterolemic atherosclerosis. On high-fat diet, FABP-deficient mice also exhibit enhanced muscle AMPactivated kinase (AMPK) and reduced liver stearoyl-CoA desaturase-1 (SCD-1) activities. Here, we performed a cross between aP2 ؊/؊ , mal1 ؊/؊ , and leptin-deficient (ob/ob) mice to elucidate the role of leptin action on the metabolic phenotype of aP2-mal1 deficiency. The extent of obesity in the ob/ob-aP2-mal1 ؊/؊ mice was comparable with ob/ob mice. However, despite severe obesity, ob/ob-aP2-mal1 ؊/؊ mice remained euglycemic and demonstrated improved peripheral insulin sensitivity. There was also a striking protection from liver fatty infiltration in the ob/ob-aP2-mal1 ؊/؊ mice with strong suppression of SCD-1 activity. On the other hand, the enhanced muscle AMPK activity in aP2-mal1 ؊/؊ mice was lost in the ob/ob background. These results indicated that both decreased body weight and enhanced muscle AMPK activity in aP2-mal1 ؊/؊ mice are potentially leptin dependent but improved systemic insulin sensitivity and protection from liver fatty infiltration are largely unrelated to leptin action and that insulin-sensitizing effects of FABP deficiency are, at least in part, independent of its effects on total-body adiposity.
mice are potentially leptin dependent but improved systemic insulin sensitivity and protection from liver fatty infiltration are largely unrelated to leptin action and that insulin-sensitizing effects of FABP deficiency are, at least in part, independent of its effects on total-body adiposity. Diabetes 55: [1915] [1916] [1917] [1918] [1919] [1920] [1921] [1922] 2006 F atty acid-binding proteins (FABPs) constitute a family of cytosolic lipid chaperones sharing a conserved three-dimensional structure and exhibiting a distinct, tissue-specific expression pattern (1) . FABP4 (aP2) is expressed predominantly in adipocytes and macrophages (2) . Although aP2 exhibits higher affinity toward saturated long-chain fatty acids, it also binds to unsaturated fatty acids and retinoic acid (3, 4) . FABP5 (mal1) is detected more broadly, including in epidermal cells, brain, kidney, and lung, but is also expressed in adipocytes and macrophages, where it binds to fatty acids (5) . Both aP2 and mal1 also interact with and stabilize leukotriene A4, which might play a role in their function in the macrophage (6) . Recent studies through genetic manipulations in mice indicated that aP2 and mal1 play an important role in systemic metabolic homeostasis. For example, aP2-deficient mice are partially protected against obesity-induced insulin resistance in both dietary and genetic models (7, 8) . These animals are also resistant to atherosclerosis in hypercholesterolemic models (5, 9) . On the other hand, mal1-deficient mice exhibit a minor metabolic phenotype with improved systemic insulin sensitivity (10) . Because, in the presence of aP2 deficiency, there is strong molecular compensation by mal1 in adipocytes (11), we have recently generated mice that express neither of these FABPs and observed a marked protection against diet-induced obesity, insulin resistance, type 2 diabetes, and fatty liver disease in these animals (12, 13) . The magnitude of this protection against metabolic disease was far more striking than the individual absence of either aP2 or mal1. In this model, we also identified increased muscle AMP-activated kinase (AMPK) activity and dramatically decreased liver stearoyl-CoA desaturase-1 (SCD-1) expression and activity as potential mechanisms that mediate the systemic effects of FABP deficiency (12, 13) . Interestingly, both AMPK and SCD-1 have been shown to be critical peripheral targets of leptin (14, 15) .
Mice homozygous for a spontaneous null mutation of leptin gene (ob/ob) exhibit hyperphagia and severe obesity. This ob/ob mice model also exhibits hyperglycemia, insulin resistance, hyperinsulinemia, glucose intolerance, and fatty infiltration of liver. Injection of leptin protein into ob/ob mice effectively reduces body weight and increases energy expenditure (16, 17) . Even though these effects of leptin were largely attributed to its action on central nervous system, two peripheral targets of leptin have been identified to play important roles in regulating energy homeostasis. Leptin robustly suppress SCD-1 expression in liver, and the increased SCD-1 expression and activity in the ob/ob mice has been proposed as an important mechanism underlying excess lipid accumulation in the liver (15) . Leptin also activates AMPK activity and promotes fatty acid oxidation in skeletal muscle (14) . Both SCD-1 and AMPK are significantly regulated in FABP deficiency, suggesting a link between these lipid-binding proteins and peripheral leptin action (12) . Interestingly, however, circulating leptin level is significantly lower in FABP-deficient mice compared with wild-type controls on high-fat diet. This observation suggests either that FABP deficiency enhances leptin actions at peripheral target tissues, so that despite lower hormone concentrations similar or enhanced activity is generated, or that altered metabolic responses in FABP-deficient mice are independent of leptin function and involve other pathways and mechanisms.
In this study, we attempted to address these possibilities by studying the impact of lack of aP2 and mal1 on obesity and insulin sensitivity in a model of leptin deficiency. For this, we intercrossed aP2-, mal1-, and leptin-deficient ob/ob mice (18) and examined metabolic responses in the resulting animals. In this setting, despite developing severe obesity to a similar extent as the ob/ob controls, aP2-mal1-deficient mice were strikingly protected against systemic insulin resistance, type 2 diabetes, and hepatosteosis. In addition, the FABP deficiency-related increase in AMPK activity in muscle was no longer observed in the ob/ob background, but the robust suppression of liver SCD-1 activity was maintained. These results indicate that the impact of FABP deficiency on systemic insulin action and fatty liver disease is, at least in part, independent of totalbody adiposity and leptin activity.
RESEARCH DESIGN AND METHODS

Generation of ob/ob-aP2
؉/؉ mal1 ؉/؉ and ob/ob-aP2 ؊/؊ mal1 ؊/؊ mice. Mice deficient in aP2 and/or mal1 were generated as previously described (10, 19) . All mice were backcrossed Ͼ12 generations into the C57BL/6J genetic background. These aP2 Ϫ/Ϫ , mal1 Ϫ/Ϫ , or aP2 Ϫ/Ϫ mal1 Ϫ/Ϫ mice were then intercrossed with heterozygote animals in the ob (leptin) locus (OB/ob-C57BL/ 6J) to generate double and triple heterozygotes (OB/ob-aP2
. These mice were then intercrossed to generate OB/ob-aP2
ϩ/ϩ mal1 ϩ/ϩ mice, which subsequently served as parents to lean and obese (OB/OB and ob/ob, respectively) animals either wild type (aP2
in the aP2 and mal1 locus. Biochemical assays and insulin and glucose tolerance tests. Tolerance tests were performed on male mice after 6-h daytime food withdrawal. Insulin and glucose solutions were injected into peritoneal cavity at doses of 0.5 unit/kg and 1.0 ml/kg (1 mol/l solution), respectively. Blood was collected via tail vein at different time points, and glucose levels were measured by the use of a Glucometer (Precision). Plasma insulin and adiponectin levels were measured with radioimmunoassays for rat insulin and mouse adiponectin (Linco Research). Serum lipid concentrations were determined by established assays as previously described (10, 20) . Triglyceride in liver tissue was determined using a commercial kit (Determiner TG; Kyowa Medex, Tokyo, Japan). Hyperinsulinemic-euglycemic clamp and cellular glucose uptake studies. Hyperinsulinemic-euglycemic clamp studies were performed essentially as described previously (21) . Briefly, after overnight fast (ϳ15 h), a 2-h hyperinsulinemic-euglycemic clamp was conducted with a continuous infusion of insulin (15 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 , Humulin; Eli Lilly, Indianapolis, IN) and variable infusion of 20% glucose (21) . Basal and insulin-stimulated whole-body glucose turnover was estimated with a continuous infusion of [3- 3 H]glucose (Perkin Elmer Life and Analytical Sciences, Boston, MA) for 2 h before and throughout the clamps (21) . To estimate insulin-stimulated glucose uptake in individual tissues, 2-deoxy-D- [1- 14 C]glucose (Perkin Elmer Life and Analytical Sciences) was administered as a bolus (10 Ci) at 75 min after the start of clamps. At the end of clamps, mice were anesthetized and tissues were taken for biochemical and molecular analysis (21) .
For glucose uptake experiments in primary adipocytes, epididymal fat pads ob/ob or ob/ob-aP2-mal Ϫ/Ϫ mice (n ϭ 5-6) were collected and digested with collagenase. The floating adipocytes were washed three times with KrebsRinger phosphate isolation buffer containing 20 mmol/l HEPES, pH 7.4, 2.5% BSA, 200 mol/l adenosine, and 5 mmol/l glucose. A cell suspension (200 l) was incubated with 2-deoxy-D- [1- 14 C]glucose with or without 100 nmol/l insulin at 37°C for 30 min. After the incubation, the uptake was terminated by adding ice-cold stop solution containing 0.1% BSA and 200 mol/l phloretin in the isolation buffer. The cell suspension was then transferred onto a Whatman glass filter, washed three times with ice-cold PBS, and counted using a liquid scintillation counter. Immunoblotting. Lysates prepared from soleus muscle, adipose tissue, and liver samples were separated with SDS-PAGE gels. Phosphorylation of the ␣-subunit of AMPK was determined with a phospho-specific antibody recognizing both the ␣1 and ␣2 isoforms of the catalytic subunit of AMPK, which are phosphorylated on threonine 172 (Cell Signaling). Total protein levels of AMPK were determined using an antibody for both ␣1 and ␣2 subunits of AMPK (Cell Signaling). Phosphorylated AKT and total AKT were detected with antibodies for pAKT (Thr 473) and AKT, respectively (Cell Signaling). Full-length sterol regulatory element-binding protein 1 (SREBP1) was detected in whole-cell lysates prepared from liver tissues of ob/ob and ob/obaP2 Ϫ/Ϫ mal1 Ϫ/Ϫ mice with an antibody against mouse SREBP1 (a generous gift of Dr. Jay Horton, UT Southwestern Medical School). Three individual mice of each genotype were compared, and a representative blot is shown. Nuclear extracts were prepared from pooled liver tissues from three ob/ob or ob/obaP2 Ϫ/Ϫ mal1 Ϫ/Ϫ mice (1.5 g each mouse) following procedures as described previously (22) . Thirty micrograms of nuclear extracts were separated with SDS-PAGE gel and blotted with the same anti-SREBP1 antibody. RNA extraction, Northern blotting, and real-time PCR analysis. Total RNAs were isolated from tissues using Trizol reagent (Invitrogen) and purified with RNAEasy kit (Qiagen). RNA (15 g) was used for Northern blot analysis using a radioactively labeled SCD-1 probe. Ethidium bromide staining was used as control for loading and integrity of RNA samples. Reverse transcription was carried out with ThermoScript RT-PCR System (Invitrogen) using 1 g RNA. Real-time PCR was performed on an iCycler iQ Detection System using iQ SYBR Green Supermix (Bio-Rad Laboratories). The PCR thermal cycling program was as follows: 2 min 30 s at 95°C for enzyme activation, 40 cycles of 15 s at 95°C, 30 s at 58°C, and 1 min at 72°C for extension. Melting curve analysis was performed to confirm the real-time PCR products. All quantitations were normalized to the 18S rRNA level. Primer sequences used are available upon request. Statistical analysis. Two-tailed, two-sample, unequal-variance Student's t tests were used to assess statistical significance, and P Ͻ 0.05 was the accepted level of statistical significance.
RESULTS
Body weight and adiposity in ob/ob-aP2-mal1
؊/؊ mice. We intercrossed aP2-mal1 Ϫ/Ϫ mice with the ob/ob model of genetic obesity resulting from leptin deficiency. These intercrosses produced progeny at the expected Mendelian ratios. The growth curves of these animals are shown in Fig. 1A . Unlike the profile seen on high-fat diet (12) , the body weights of ob/ob-aP2-mal1 Ϫ/Ϫ mice were indistinguishable from the ob/ob animals until 20 weeks of age by which time ob/ob-aP2-mal1 Ϫ/Ϫ mice were even heavier than the ob/ob controls. At 20 weeks of age, there was also increased adiposity in ob/ob-aP2-mal1 Ϫ/Ϫ mice evident at both epididymal and subcutaneous fat depots (Fig. 1B) . Hence, the reduced body weight and adiposity phenotype observed in the aP2-mal1 Ϫ/Ϫ mice in the dietary obesity model was completely lost on the ob/ob background. There was also no difference in the circulating levels of adiponectin between ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob controls (Fig. 1C) . In metabolic and indirect calorimetry studies, we also did not observe any difference in food intake, physical activity levels, or energy consumption between genotypes (data not shown).
We have previously demonstrated that aP2-mal1-deficient mice on high-fat diet have increased AMPK activity in skeletal muscle compared with wild-type animals, which might contribute to the reduced weight gain on high-fat diet (12) . Because leptin has recently been shown to activate AMPK activity in muscle (14) and the weight difference was no longer evident in the aP2-mal1 Ϫ/Ϫ mice in the leptin-deficient background, we examined phosphorylation of AMPK in muscle tissue in the ob/ob background. Interestingly, and unlike what has been seen in the dietary obesity model (12), we found no difference in muscle tissue AMPK phosphorylation between ob/ob and ob/ob-aP2-mal1 Ϫ/Ϫ mice (Fig. 1D ). These findings are consistent with the model that FABP-mediated regulation of both AMPK activity and body weight does not occur in the absence of leptin activity. Glucose metabolism in ob/ob and ob/ob-aP2-mal1
mice. An important question is to address whether the changes in insulin sensitivity seen in aP2-mal1 deficiency are secondary to changes in body weight. If this is the case, protection against insulin resistance should not be observed in the ob/ob background. The ob/ob-aP2-mal1
mice provide a suitable model for addressing this question because they have increased body weight compared with ob/ob mice. Hence, we examined insulin sensitivity in ob/ob-aP2-mal1 Ϫ/Ϫ and ob/ob-aP2-mal1 ϩ/ϩ mice. As expected, ob/ob mice developed mild hyperglycemia with severe hyperinsulinemia at 20 weeks of age. In contrast, ob/ob-aP2-mal1 Ϫ/Ϫ mice remained euglycemic and had significantly lower blood insulin concentrations compared with ob/ob controls ( Fig. 2A and B) . We next performed insulin and glucose tolerance tests in these animals and also included ob/ob-aP2 Ϫ/Ϫ and ob/ob-mal1 Ϫ/Ϫ mice to compare responses in individual deficiency of each FABP with combined aP2-mal1 deficiency in the ob/ob background. The hypoglycemic response to insulin was lower in all of the FABP-deficient ob/ob models compared with ob/ob mice (shown as quantitation of the responses by integrating the area under the disposal curves; Fig. 2C ). This increase in insulin sensitivity in insulin tolerance test was most dramatic in ob/ob aP2-mal1 Ϫ/Ϫ mice, and glucose disposal curves of this group were indistinguishable from those of lean animals (Fig. 2E) . Insulin sensitivity was also increased in the ob/ob-aP2 Ϫ/Ϫ and ob/ob-mal1 Ϫ/Ϫ mice compared with ob/ob controls. The magnitude of increase in insulin responsiveness relative to the ob/ob controls in the ob/ob-aP2 Ϫ/Ϫ mice (35%) was smaller than the ob/obaP2-mal1 Ϫ/Ϫ mice (48%) but greater than the ob/obmal1 Ϫ/Ϫ (20%) animals (Fig. 2C) . Glucose tolerance test also revealed a similar pattern but exhibited a partial effect of FABP deficiency (Fig. 2D and F) . The increase in glucose disposal rates in the ob/ob-aP2 Ϫ/Ϫ mice (20%) was smaller than the ob/ob-aP2-mal1 Ϫ/Ϫ mice (35%) but greater than the ob/ob-mal1 Ϫ/Ϫ (7%) animals (Fig. 2D ). These results demonstrate that aP2-mal1 deficiency resulted in strong but incomplete protection from insulin resistance in the ob/ob background and, similar to the dietary model, the magnitude of this effect is greater than each of the single deficiency of aP2 or mal1 in the ob/ob model.
To determine organ-specific changes in glucose metabolism in vivo in the ob/ob-aP2-mal1 Ϫ/Ϫ mice and to compare the impact of FABP deficiency with diet-induced insulin resistance, we performed hyperinsulinemic-euglycemic clamp studies. The basal glucose level observed in this study was again significantly lower in ob/ob-aP2-mal1 Ϫ/Ϫ mice than that of ob/ob controls (Fig. 3A) . The basal hepatic glucose production (HGP) in ob/ob-aP2-mal1 Ϫ/Ϫ mice showed a 33% reduction compared with controls, and this could be one of the reasons that ob/ob-aP2-mal1 Ϫ/Ϫ mice maintain euglycemia (Fig. 3B) . In contrast, insulin-stimulated HGP during clamps did not show significant difference between ob/ob and ob/ob-aP2-mal1 Ϫ/Ϫ mice. These data suggest that the impact of FABP deficiency on HGP in the ob/ob mice might be predominately at the basal level. The steady-state glucose infusion rate during clamps was markedly elevated in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with the ob/ob controls (Fig. 3C ) despite sustained hepatic insulin resistance, suggesting that ob/ob-aP2-mal1 Ϫ/Ϫ mice have enhanced glucose metabolism in other organs. Consistent with this, insulinstimulated whole-body glucose turnover was significantly increased in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob mice (Fig. 3D) . Increased whole-body insulin sensitivity was mostly due to a 2.5-fold increase in skeletal muscle glucose uptake in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob mice (Fig. 3E) . Insulin-stimulated glycolysis and glycogen synthesis in skeletal muscle were also increased in ob/ob-aP2-mal1 Ϫ/Ϫ mice. The rate of muscle glycolysis was 107 Ϯ 18 nmol ⅐ g Ϫ1 ⅐ min Ϫ1 in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with 40 Ϯ 16 nmol ⅐ g Ϫ1 ⅐ min Ϫ1 in ob/ob controls (P Ͻ 0.01). Similarly, glycogen synthesis rate in ob/ob-aP2-
) also shows a threefold increase compared with that in ob/ob mice (6 Ϯ 2 nmol ⅐ g Ϫ1 ⅐ min
Ϫ1
). In an independent experiment, we also determined glucose uptake by isolated primary adipocytes from ob/ob or ob/ob-aP2-mal1 Ϫ/Ϫ mice and again found ob/ob-aP2-mal1 Ϫ/Ϫ mice have significantly increased basal and insulin-stimulated glucose uptake in adipocytes (Fig. 3F) . Taken together, our data indicate that ob/ob-aP2-mal1 Ϫ/Ϫ mice have improved glucose homeostasis with decreased HGP and significantly enhanced insulin sensitivity and glucose metabolism in skeletal muscle and adipose tissues. To directly assess insulin signaling in ob/ob-aP2-mal1 Ϫ/Ϫ mice, we also determined basal and insulinstimulated AKT phosphorylation in the adipose tissues of ob/ob-aP2-mal1 Ϫ/Ϫ mice. Consistent with increased glucose uptake, insulin-stimulated AKT phosphorylation was significantly increased both at baseline and insulin-stimulated state in the adipose tissues of ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob controls ( Fig. 3G and H) .
As a comparison, we also performed insulin clamp studies on wild-type and aP2-mal Ϫ/Ϫ mice after short-term (3 weeks) high-fat feeding. aP2-mal Ϫ/Ϫ mice fed with high-fat diet exhibited markedly decreased basal glucose level, as we demonstrated before (Fig. 4A) (12) , that may be partly due to reduced basal HGP in fat-fed aP2-mal Ϫ/Ϫ mice compared with fat-fed wild-type mice (Fig. 4B) . High-fat feeding caused hepatic insulin resistance in the wild-type mice, as indicated by significantly diminished insulin-mediated suppression of basal HGP (Fig. 4B) . In contrast, diet-induced hepatic insulin resistance was partially rescued in aP2-mal Ϫ/Ϫ mice, as reflected by significantly reduced clamp HGP compared with the fat-fed wild-type mice (Fig. 4B) . The glucose infusion rate during clamp was fivefold higher in aP2-mal1 Ϫ/Ϫ mice than that in controls (Fig. 4C) , and this was due to the combined effects of decreased HGP and increased whole-body glucose uptake in aP2-mal1 Ϫ/Ϫ mice (Fig. 4D) . Consistent with the findings in the ob/ob mice, increased insulin sensitivity in fat-fed aP2-mal1 Ϫ/Ϫ mice was due to twofold increase in insulin-stimulated glucose uptake in skeletal muscle compared with fat-fed wild-type mice (data not shown). When compared side by side, it appears that the improvement of insulin sensitivity in aP2-mal1-deficient mice is greater in diet-induced obesity than that in genetic obesity. These results suggest that the insulin-sensitizing effect of FABP deficiency is partially offset by the excess adiposity in leptin-deficient mice. Fatty liver disease in the ob/ob and ob/ob-aP2-mal1 ؊/؊ mice. Earlier studies demonstrated that aP2-mal1 Ϫ/Ϫ mice were essentially completely protected against diet-induced fatty infiltration of liver (12) . Despite their enlarged fat depots, we observed a 33.4% reduction in liver size in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob controls (Fig. 5A) . Consistent with the reduction in liver weight, histological examination of liver sections revealed a dramatic reduction in fatty infiltration in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with the ob/ob animals (Fig. 5D ). Quantification of liver triglyceride content also revealed a significant (27%) decrease in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob animals (Fig. 5B) . The reduced triglyceride content in the livers of FABP-deficient ob/ob mice was not related to reduced lipid supply to liver because portal vein fatty acid concentrations in these animals were higher than ob/ob controls (Fig. 5C ). This striking protection against fatty liver disease in the ob/ob background was comparable with that observed in FABP-deficient mice on high-fat diet (12) .
To approach the underlying mechanisms for the protection against fatty liver diseases in aP2-mal1 Ϫ/Ϫ mice, we examined the expression patterns of several key lipogenic genes. These experiments revealed a systemic decrease in the expression of a wide spectrum of genes involved in liver lipogenesis in the ob/ob-aP2-mal1 Ϫ/Ϫ mice (Fig. 4F) . These included acetyl-CoA carboxylase 1, fatty acid synthase, SCD-1, fatty acid elongase, mitochondria glycerol-phosphate acyltransferase, SPOT14, hydroxymethylglutarylCoA reductase, and hydroxymethylglutaryl-CoA synthase. Among these, SCD-1 is a key rate-limiting enzyme in triglyceride synthesis (23) and is subject to robust regulation by leptin in liver (15) . We have also observed a marked (96%) suppression of the expression of this gene in the FABP-deficient animals on high-fat diet (12) . Interestingly, SCD-1 expression was also markedly suppressed (75%) in the liver of ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob controls (Fig. 5E and F) , indicating that leptin activity cannot account for this FABP-mediated regulation. Interestingly, expression of SREBP family transcrip- tion factors, SREBP1 and SREBP2, both slightly decreased, but this difference did not reach statistic significance (Fig.  5F and G) . To determine the possibility that changes in SREBP processing might be responsible for the altered lipogenic gene expression, we also compared full-length and processed SREBP protein levels in the liver of ob/ob and ob/ob-aP2-mal1 Ϫ/Ϫ mice (Fig. 5H) . Full-length SREBP protein was unchanged in ob/ob-aP2-mal1 Ϫ/Ϫ mice compared with ob/ob controls, and there was only a minor reduction in the processed form in liver tissues. These results suggest that changes in SREBP activity might not be the major mechanisms by which liver lipogenic gene expression is regulated by FABP deficiency.
DISCUSSION
In this study, we demonstrated that mice lacking the FABPs aP2 and mal1 develop severe obesity on the ob/ob genetic background but exhibit reduced insulin resistance and maintain euglycemia. These ob/ob-aP2-mal1 Ϫ/Ϫ mice are also strikingly protected against fatty liver disease. Although the extent of the protection against insulin sensitivity in FABP-deficient animals appears to be smaller than that observed upon the high-fat feeding, the reversal of fatty liver disease is similar between the diet-induced and ob/ob models. In hyperinsulinemic-euglycemic clamp studies, the improved glucose homeostasis in the ob/obaP2-mal1 Ϫ/Ϫ mice appears to be the combined result of increases in hepatic insulin action and insulin-stimulated glucose metabolism in peripheral tissues. Although significant, the magnitude of the increase in insulin sensitivity in FABP-deficient mice is smaller in the ob/ob background when compared with that observed in the high-fat dietinduced insulin resistance. In this high-fat diet feeding experiment, FABP deficiency can provide essentially com- plete protection against systemic insulin resistance. In the ob/ob model, we did not detect a statistically significant difference in HGP under the clamp. Although this might be a difference in the extent of insulin sensitivity in the dietary and ob/ob models, it is also possible that the higher animal-to-animal fluctuations in the leptin-deficient background might have prevented the detection of the difference at a statistically significant level. In fact, the phosphorylation of AKT is increased in the livers of ob/obaP2-mal1 Ϫ/Ϫ animals compared with ob/ob controls, supporting this possibility (data not shown). Hence, the difference in the insulin sensitivity between models could be related to the severity of disease in the ob/ob mice or the involvement of leptin activity in this phenotype. Interestingly, the fatty liver phenotype and the associated changes in liver lipogenic gene expression are also similar between the FABP-deficient animals in the ob/ob background or on high-fat diet. These results indicate that leptin activity might be involved in some but not all phenotypes associated with FABP deficiency.
Increased muscle AMPK and decreased liver SCD-1 activity seen in FABP-deficient mice on high-fat diet have raised the possibility that FABP deficiency may modulate leptin actions. Neither in this study nor in our earlier work in dietary obesity were we able to demonstrate any changes in food intake in aP2-mal1 Ϫ/Ϫ mice. Hence, the role of FABPs in this respect is likely to involve peripheral tissues and targets. In the leptin-deficient ob/ob model, FABP deficiency no longer yields enhanced AMPK activity in muscle, suggesting that this activity might relate to intact leptin action. We have previously shown that enhanced activation of AMPK in skeletal muscle is likely to be critical for body weight regulation in dietary obesity (12) . Our findings here support this proposal by the simultaneous loss of both FABP-related body weight reduction and enhanced AMPK activity in ob/ob background. Adiponectin also stimulates fatty acid oxidation through AMPK activity (24) , and transgenic expression or administration of recombinant adiponectin to animals might cause weight loss (25, 26) . In our previous studies using the high-fat diet model, we have observed a paradoxical decrease in adiponectin expression and serum levels in aP2-mal1-deficient animals (12) . Interestingly, this decreased adiponectin production was not preserved in the ob/ob mice (Fig. 1C) .
Unlike body weight regulation, protection against fatty liver disease and diabetes was preserved in the ob/ob-aP2-mal1 Ϫ/Ϫ mice, indicating that these phenotypes are independent of leptin action. Increased release of free fatty acids from adipose tissue and their negative metabolic impact on muscle tissue have long been postulated as an important component of the link between obesity and insulin resistance (27, 28) . This aspect also appears to be similarly regulated between the dietary and ob/ob models with FABP deficiency because the aP2-mal1 Ϫ/Ϫ mice have slightly higher circulating free fatty acids compared with wild-type controls but nevertheless maintain their insulin sensitivity and euglycemia (Table 1 ). These observations support the emerging concept that altered fatty acid profile or the downstream response pathways are the critical determinants of insulin sensitivity or other metabolic outcomes rather than the absolute amount of circulating lipids. Detailed analysis of lipid composition and metabolism of the ob/ob-aP2-mal1
Ϫ/Ϫ mice is ongoing, and such studies should shed light on the impact of FABPregulated alterations in fatty acid profile on insulin action in the ob/ob genetic background. Interestingly, in a preliminary microarray analysis, we did not observe significant differences in the expression of the majority of the inflammatory gene products in adipose tissues of aP2-mal1 Ϫ/Ϫ animals (data not shown). Although we have not made the comparable analysis in the dietary obesity models, it is possible that this aspect might also play into the differences between the magnitude of phenotypes or result from the lack of any weight reduction due to FABP deficiency in the ob/ob background. It is also possible that the phenotypic changes seen in this model are independent of adipose tissue inflammation. Further experiments will be needed to distinguish these possibilities.
The protection from fatty infiltration of liver may also offer novel insights into how adipose tissue effect liver lipid accumulation during the course of obesity. In the liver of aP2-mal1-deficient animals on high-fat diet, SCD-1 gene exhibits the most striking regulation with 96% reduction in the expression level compared with wild-type controls. SCD-1 is a major peripheral target of leptin, and SCD-1 suppression can generate effects on body weight and systemic metabolism (15) . Most interestingly, liver SCD-1 expression in aP2-mal1-deficient mice on the ob/ob background was still markedly suppressed, demonstrating that FABP deficiency leads to marked downregulation of liver SCD-1 expression through a leptin-independent mechanism. Adiponectin also has no effects on liver SCD-1 level or activity, and no regulation of this gene is evident in adiponectin-deficient animals (data not shown). This raises the exciting possibility of the existence of another FABP-regulated factor from adipose tissue specifically targeting liver SCD-1 activity and development of fatty liver disease. Future studies should help to address these interesting prospects. 
